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Paenibacillus barcinonensis is a soil bacterium bearing a
complex set of enzymes for xylan degradation, including several
secreted enzymes and Xyn10B, one of the few intracellular xyla-
nases reported to date. The crystal structure of Xyn10B has been
determined by x-ray analysis. The enzyme folds into the typical
(B/a)g barrel of family 10 glycosyl hydrolases (GH10), with addi-
tional secondary structure elements within the 3/« motifs. One
of these loops -L7- located at the 37 C terminus, was essential for
xylanase activity as its partial deletion yielded an inactive
enzyme. The loop contains residues His**°—Glu?*°, which shape
a pocket opened to solvent in close proximity to the +2 subsite,
which has not been described in other GH10 enzymes. This
wide cavity at the +2 subsite, where methyl-2,4-pentanediol
from the crystallization medium was found, is a noteworthy
feature of Xynl0B, as compared with the narrow crevice
described for other GH10 xylanases. Docking analysis
showed that this open cavity can accommodate glucuronic
acid decorations of xylo-oligosaccharides. Co-crystallization
experiments with conduramine derivative inhibitors sup-
ported the importance of this open cavity at the +2 subsite for
Xynl0B activity. Several mutant derivatives of Xyn10B with
improved thermal stability were obtained by forced evolu-
tion. Among them, mutant xylanases S15L and M93V showed
increased half-life, whereas the double mutant S15L/M93V
exhibited a further increase in stability, showing a 20-fold
higher heat resistance than the wild type xylanase. All the
mutations obtained were located on the surface of Xyn10B.
Replacement of a Ser by a Leu residue in mutant xylanase
S15L can increase hydrophobic packing efficiency and fill a
superficial indentation of the protein, giving rise to a more
compact structure of the enzyme.
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Biodegradation of xylan, an abundant plant polysaccharide,
is a complex process that requires the coordinate action of sev-
eral enzymes, among which xylanases (1,4-3-p-xylan xylanohy-
drolase; EC 3.2.1.8), cleaving internal linkages on the -1,4-
xylose backbone, play a key role. The complex chemical nature
and heterogeneity of xylan can account for the multiplicity of
xylanases produced by microorganisms (1, 2). The activity of
different xylanases with subtle differences in substrate specific-
ity and mode of action contributes to improving the degrada-
tion of plant xylan in natural habitats. Based on amino acid
sequence homologies and hydrophobic cluster analysis, xyla-
nases have been classified in two main groups in glycoside
hydrolase families 10 and 11 (CAZy, 3), although a few charac-
terized xylanases have recently been ascribed to glycoside
hydrolase families 5, 7, 8, and 43 (2, 4, 5). GH10 xylanases fold
into a (B/a)g barrel (6, 7), whereas GH11 enzymes display a
B-jelly roll structure (8, 9). Besides the remarkable differences
in sequence, structure, and reaction mechanism (10), xylanases
show subtle differences in substrate specificity (11, 12). Among
these differences, GH10 enzymes are capable of cleaving glyco-
sidic linkages in the xylan main chain closer to the substituents
than GH11 xylanases do, thus yielding smaller hydrolysis prod-
ucts from glucuronoxylan (13). Analysis of the crystal structure
of Cellvibrio mixtus Xyn10B (14), Streptomyces olivaceoviridis
XynlOA (15), and Thermoascus aurantiacus Xynl0 (16) in
complex with side chain-substituted xylo-oligosaccharides has
shown that the substrate-binding site of GH10 enzymes is able
to accommodate decorated regions of xylan, and in fact a role
for the xylan side chains as determinants of specificity for GH10
xylanases has been proposed (16).

Biotechnological applications of xylanases are of increasing
importance because of their enormous potential to modify and
transform lignocellulosic biomass, used in a wide variety of
industrial processes, and for the bioconversion of agricultural
wastes into fermentable sugars (17-19). Stability in the condi-
tions of industrial processes is a usual requisite for an enzyme to
be successfully applied in biotechnology. Comparison of struc-
tures of thermophilic enzymes with their mesophilic homo-
logues and directed evolution studies show that high stability
can be achieved by many strategies (20), and in many examples
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a very limited number of point mutations can lead to large sta-
bility differences (21). The residues on the surface of the pro-
teins can notably contribute to enzyme folding and resistance
to denaturation (20, 22). Besides the contribution of charged
surface residues and salt bridges to protein stability, it has been
shown that incorporation of hydrophobic residues at the pro-
tein surface can increase packing in a surface indentation or
cavity, with a subsequent stabilization effect (23). Variation of
surface residues may provide a powerful approach to increase
the thermal stability of an enzyme (24).

Xylanases are secreted enzymes, released to the extracellular
medium to enable contact with and cleavage of highly polymer-
ized xylans. However, a few examples of GH10 xylanases have
been proposed to have an intracellular location, where they are
probably involved in the hydrolysis of small xylo-oligomers
resulting from the activity of extracellular enzymes. One of
these intracellular xylanases, C. mixtus Xyn10B is a periplasmic
enzyme (25), whereas Paenibacillus barcinonensis Xyn10B and
Aeromonas caviae XynX have been clearly shown to be located
in the cytoplasm (26, 27). P. barcinonensis is a powerful xylano-
lytic soil bacteria recently taxonomically identified (28), which
in addition to intracellular Xyn10B produces a set of secreted
xylanases, some of which have been successfully evaluated in
paper biotechnology (29-31). P. barcinonensis XynlOB is
highly homologous to six xylanases of the GH10 family (XynX
from A. caviae (32), XynA2 from Bacillus stearothermophilus
T-6 (33), XyaA from Bacillus sp. N137 (34), Xyn2 from B.
stearothermophilus 21 (35), XynA from Thermobacillus xylani-
lyticus (36), and XynA from Caldicellulosiruptor saccharolyti-
cus (37)) that similar to Xyn10B do not exhibit a signal peptide
sequence. These signal peptide-less xylanases form a distinctive
group of enzymes that cluster separately from the rest of GH10
xylanases and seem to constitute a new type of xylanases (26). P.
barcinonensis Xyn10B shows high activity on small substrates,
as aryl-xylosides and xylo-oligosaccharides (26, 38), in agree-
ment with its cytoplasmic location, where it should cleave olig-
omers resulting from extracellular xylan hydrolysis. In this
study, we have analyzed the crystal structure of Xyn10B and
found distinctive features in its catalytic site that can facilitate
binding to decorated xylo-oligosaccharides. A series of mutant
derivatives with an increased thermal stability have been
obtained by forced evolution, evidencing the importance of sur-
face interactions in Xyn10B folding. The results we have found
contribute to deciphering the biochemical function of intra-
cellular xylanases. The few existing reports on the catalytic
properties of intracellular xylanases make it difficult to iden-
tify common traits that can give clues to understanding their
contribution to xylan hydrolysis. Further studies will be
required to ascertain their role in degradation of xylan in
natural habitats.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids—Plasmid pX60, containing
the xyn10B gene from P. barcinonensis cloned in pUC19, has
been described previously (38). It was used as a template for
PCR amplification and gene shuffling. Plasmid pET3b (Nova-
gen) was used as a plasmid vector to express wild type xyn10B.
Escherichia coli BL21(DE3) (Novagen) was used as a host strain
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for pET3b-xyn10B to obtain high protein expression of Xyn10B
for purification and crystallization. E. coli DH5a was used as
host strain for cloning and expression of the xyn10B mutants.
In those mutants, pGEM®-T-easy plasmid (3015 bp, from Pro-
mega) was used as cloning vector for A-protuberant Taq poly-
merase amplicons.

Random Mutagenesis and Screening for Thermoresistant
Xylanase Mutants—Random mutagenesis of xyn10B was car-
ried out by error-prone PCR amplification (39, 40), where one
of the four nucleotides was in excess, or by standard PCR ampli-
fication, followed by DNA shuffling. In all cases TagDNA poly-
merase (without proofreading activity) was used.

The oligonucleotides used as primers for the amplification of
the xyn10B open reading frame from pX60 plasmid were CL1
5'-AGCGGATAACAATTTCACACAGGA-3’ in the direct
orientation and CL3 5-CGCCAGGGTTTTCCCAGTCAC-
GAC-3' in the reverse orientation. Error-prone PCR amplifica-
tion was performed basically as described by Gonzalez-Blasco
et al. (41).

DNA shuffling reactions were carried out as described by
Stemmer (42) with some modifications. Amplified xynI0B
gene, either by standard or error-prone PCR, was treated with
DNase. DNA fragments between 50 and 150 bp were purified
with a QIAquick gel extraction kit (Qiagen) and reassembled in
a PCR without primers (PCR I) in a 50-ul volume for 20 -45
cycles of amplification. The reassembly product was 1:40 or
1:100 diluted and used as template in an additional PCR run
with primers CL1 and CL3 (PCR II) in a final volume of either
25 or 100 pl for 10-15 cycles of amplification. Samples from
DNA shuffling reactions were ligated into the pGEM®-T-easy
plasmid and transformed into E. coli DH5q, selecting for ampi-
cillin resistance and white color colonies.

Clones with thermoresistant Xyn10B activity were identified
by the plate assay described by Lépez-Camacho and Polaina
(43). Plates containing transformant clones were incubated at
temperatures that cause inactivation of wild type Xynl10B,
60— 80 °C 30 min, and then assayed for residual activity by over-
laying with the chromogenic substrate pNPX.”

Site-directed Mutagenesis and DNA Sequencing—Site-di-
rected mutagenesis was performed by PCR amplification
with primers designed to include the mutated nucleotides
(BKE137D, 5'-ccgtcttgtcAtcaatcgee-3'; BKD323N, 5'-gaat-
Tcttgggetgaagetetg-3'; BKS15L, 5'-gaacAaattggcataagatg-
cag-3'; and BKM93V, 5'-caaacaCccaagccggegte-3') and the
corresponding forward primers containing the wild type
nucleotide sequences (FWE137D, 5'-ATCTGATTATGCG-
TGATACAAAATG-3'; FWD323N, 5'-CTTCTGGCGTAT-
TATCGGGC-3'; FWS15L, 5'-AAAATAGGTGCGGCAG-
TGC-3'; and FWM93V 5'-AAGATGCTTCCGGGGGA-
ACG-3') following the procedure described by Mikaelian
and Sergeant (44). Wild type and mutant versions of the
xynl0B gene were sequenced by the Sanger procedure using
internal and external primers.

Xylanase Purification—Wild type Xyn10B and mutant xyla-
nases were purified from E. coli recombinant cultures. Cells

2 The abbreviations used are: pNPX, p-nitrophenol-S-p-xylopyranoside; MPD,
methyl-2,4-pentanediol; PEG, polyethylene glycol.
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were collected and disrupted by French press; cell extracts were
treated with streptomycin sulfate to eliminate nucleic acids by
ultracentrifugation, and proteins were concentrated by ammo-
nium sulfate precipitation. Concentrated extracts were sub-
jected to gel filtration (HiLoad™ 16/60 Superdex™ 75 prep
grade column, GE Healthcare) followed by anion exchange
chromatography (Tricorn™ Mono Q™ 5/50 GL, GE Health-
care) on a fast protein liquid chromatography system
(AKTA™ FPLC™, GE Healthcare). On some occasions, a pol-
ishing step in a second gel filtration column was performed
(Tricorn™ Superdex™ 200 10/300 GL, GE Healthcare).

Activity Assays—Xylanase activity was assayed by determin-
ing the amount of p-nitrophenol released from pNPX (Sigma).
The assay mixture contained 5 mm pNPX (for usual assays) or
0.1-10 mm pNPX (for kinetic assays) in a final volume of 0.2 ml
of 50 mm acetate buffer, pH 5.5. The assay mixture was incu-
bated at 35 °C for 15 min, and color development was measured
at 400 nm. One unit of enzymatic activity was defined as the
amount of enzyme that releases 1 wmol of p-nitrophenol/min
under the assay conditions described.

Irreversible thermal inactivation of purified xylanases was
determined as described by Lopez-Camacho et al. (45). Ther-
mal inactivation was modeled as a first-order kinetic process,
and the half-life (¢,,) of the enzymes was determined from the
first-order rate constants of inactivation, corresponding to the
slopes of the lines obtained by plotting In (percentage of resid-
ual activity) versus incubation time. Kinetic parameters (V..
K, and k_,,) were determined by fitting hyperbolic Michaelis-
Menten curves with the program SigmaPlot version 4.00 (Jan-
del Scientific).

Thin Layer Chromatography—TLC was performed as
described previously (38). Silica gel plates 60F254 were used
(Merck). The solvent used was chloroform/acetic acid/water
(3:6:1, v/v). Oligosaccharides were detected by spraying the
plates with an ethanol/concentrated sulfuric acid mixture (95:5,
v/v) and heating at 121 °C for 5-10 min.

Crystallization and Data Collection—Equal amounts of pro-
tein solution (10 mg/ml Xyn10B in 10 mm Tris-HCI, pH 7) and
precipitant buffer (35% (v/v) MPD, 17% (w/v) PEG 3350 in 100
mM Tris, pH 7) were mixed and vapor-equilibrated against a
reservoir containing the latter solution. Crystallization experi-
ments were carried out at room temperature. Long needles
grew in 2-3 days to maximum size 0.02, 0.02, 1.0 mm?. They
belong to P2,2,2, space group, with 1 molecule per asymmetric
unit and 40% solvent content in the cell. For data collection,
native crystals were transferred to cryoprotectant solutions
containing 40% (v/v) MPD, 20% (w/v) PEG 3350 before being
cooled to 120 K in a stream of nitrogen (Oxford Instruments).
An x-ray radiation (CuK,) data set was collected using an in-
house Bruker-Nonius rotating anode generator, operating at 40
kV and 100 mA, equipped with Osmic focusing mirrors and
Kappa2000 CCD detector. A total of 245 data frames were col-
lected using 0.5° oscillations and 5-min exposure times. The
diffraction data were analyzed with HKL-2000 (46) package to
yield integrated intensities. A summary of data collection and
data reduction statistics is shown in Table 1.

Structure Solution and Refinement—The structure of
Xyn10B was solved by the molecular replacement method. Ini-
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tial phases were obtained with the MOLREP program (47)
using the atomic coordinates of xylanase XT6 from Geobacillus
stearothermophilus as the search model (Protein Data Bank
code 1HIZ). A clear solution was found, which after rigid-body
fitting produced an R-factor of 0.51 with a correlation coeffi-
cient of 0.37 for data up to 3 A. Crystallographic refinement was
performed by using CNS (48) with flat bulk-solvent correction,
including low resolution data to 50 A, and using maximum
likelihood target features. A subset of 7% randomly selected
structure-factor amplitudes was excluded from automated
refinement to compute a free R-factor throughout the refine-
ment. Several rounds of simulated annealing refinement were
alternated with rebuilding by the program O (49). At the last
stage, water molecules were included and were combined with
more rounds of positional and individual restrained B-factor
refinement, which led to a final R-factor 0of0.19 (R;,.. = 0.25) for
all data set up to 2.1 A resolution. Final refinement parameters
are reported in Table 1. Stereochemistry of the model was
checked by using PROCHECK (50) and MOLPROBITY (51),
and the figures were generated with PyMOL (52).

To get the complexes, crystals were transferred into a fresh
solution containing 10 mm inhibitor and 40% (v/v) PEG 4000 (in
the case of R115) or PEG 400 (in the case of R117), and 20%
(w/v) PEG 3350 in 100 mm Tris, pH 7. After soaking overnight,
the crystals were flash-frozen to 120 K. Simulated annealing
omit maps were calculated at the active-site cavity showing the
presence of the inhibitors at the active center. They were man-
ually built into the model and included in the refinement. Final
statistics are given in Table 1.

Automated Docking of Decorated Xylotriose into Xynl0OB
Structure—Xylotriose chain ligands decorated in the internal
ring with 4-O-Me-glucuronic acid (at O2) or arabinose (at O3)
were manually built from the ligand-bound protein complexes
of CmXyn10B retrieved from Protein Data Bank entries 1UQZ
and 1URL. All hydrogen atoms were added to the ligands, and
charges were assigned by the Gasteiger method using the
AutoDockTools program (53). All glycoside linkages were
defined as rotatable bonds. The protein model contains the
coordinates of the Xyn10B crystal structure presented here but
blocking the glycone (minus) part of the active-site channel
with a fixed xylotriose chain in a position inferred from struc-
tural superposition of Xyn10B to CmXyn10B. In this way, we
investigated the binding of the ligands at the aglycone (plus)
portion of the active site.

Autodock 4.0 was executed 50 times with the Lamarckian
genetic algorithm (54), a population size of 150, elitism set at 1,
mutation rate at 0.02, and crossover rate of 0.80. Simulations
were performed with a maximum of 2,500,000 energy evalua-
tions and a maximum of 27,000 generations. Docking results
were clustered using a cut-off of 2 A root mean square
deviations.

RESULTS

Crystal Structure of XynlOB Shows the Active-site
Architecture—The crystal structure of native XynlOB was
solved at 2.1-A resolution. Experimental details and structure
determination procedures are given under “Experimental Pro-
cedures” and in Table 1. Crystals belong to the P2,2,2, space
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TABLE 1
X-ray data collection and structure refinement statistics

Crystal

1
Xynl10B

2
Xyn10B-R115

3
Xynl10B-R117

A. Data collection
Unit cell dimensions

43.93,79.11,91.43 A

44.39,79.64,92.41 A

44.02,79.72,91.18 A

Limiting resolution 2.1A 2.7A 2.0A
(outer shell) (2.15 to 2.07) (2.87 to 2.73) (2.14 to 2.05)
Unique reflections 20,958 9262 20,971
Ry 0.10 (0.43) 0.14 (0.59) 0.12 (0.52)
Completeness 99.0% (96.1%) 99.0% (99.4%) 99.6% (99.5%)
Mean multiplicity 6.5 (3.2) 6.0 (3.9) 4.3(3.1)
Mean I/ol 10.0 (2.1) 10.1 (3.1) 8.9 (2.5)
B. Final refinement parameters

Protein atoms (non-H) 2714 2714 2714
Ligand atoms (non-H) 16 26 32
Solvent molecules 279 265 279
R-factor” 0.19 0.21 0.22
R,.. 0.25 0.29 0.26
Root mean square bonds/angles 0.007 A/1.3° 0.007 A/1.3° 0.007 A/1.3°
Averaged B-factors

Main chain 133 A% 25.1 A2 34.6 A2

Side chain 15.3 A2 26.1 A2 35.6 A2

Ligand 28.3 A2 34.4 A2 56.2 A2
Ramachandran plot (MOLPROBITY)

Favored 99.5% 98.9% 99.5%

Allowed (%) 0.5% 1.1% 0.5%
PDB codes 3EMC 3EMQ 3EMZ

“Raym = MW = {L))ZM(R)).

b R-factor = 3(|Fyps — Feate)/2|Fopsl (Rpzee is equivalent to R-factor for a randomly selected 7% subset of reflections not used in structure refinement).

FIGURE 1. Overall structure and active-site architecture of Xyn10B. The
typical (B/a)g barrel fold of GH10 xylanases is represented in cyan (helices)
and yellow (strands). The long loops (gray) at the C terminus of the B-strands
define a salad bowl shape defining an extended groove consistent with its
endo mode of action and suitable to allocate polymeric substrates. The motifs
a (AIE_YASL) and b (RTDL__PT_EM), characteristic of signal peptide-less xyla-
nases, are highlighted in orange. Region a is located in helix a6, whereas
region b is located in loop L7, which is directly involved in substrate recogni-
tion and binding.

group, with one molecule in the asymmetric unit and 40% sol-
vent content within the cell. The structure of the monomeric
Xyn10B corresponds to the topology of a single (3/a)q barrel, as
expected for family 10 glycosidases (CAZy). The barrel is
closely packed in the face corresponding to the shortloops link-
ing different B/« repeats, whereas additional secondary struc-
ture elements are included within the B/« motifs (Fig. 1). These
long segments at the C terminus of the B-strands (L1 to L8) are
defining the active center, the catalytic residues being located at
the end of B4 (the acid/base Glu'®**) and B7 (the nucleophilic
Glu**), respectively. This specific setting of the catalytic resi-
dues is a conserved feature along other retaining 8-glycosidases
that altogether define the clan GH-A superfamily (CAZy). In
the particular case of GH10, the long L1-L8 loops give a “salad
bowl” shape to the macromolecule, defining an extended open
cleft consistent with its endo-mode of attack and able to accom-
modate polymeric substrates. Fig. 24 displays the molecular sur-
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face of Xyn10B showing an open and extended active-site groove,
in which two 2-methyl-2,4-pentanediol molecules (MPD1 and
MPD?2) from the crystallization medium have been found.

Xynl0B belongs to a group of signal peptide-less xylanases
showing the conserved amino acid sequences AIE_YASL
(regiona) and RTDL__PT_EM (region b) as distinctive features
not found in other GH10 xylanases (26). The first of these
regions is located in helix a6, whereas region b is located in loop
L7 and also includes the two amino acids at the N terminus of
helix a7 (Fig. 1). Region b is located between the conserved
regions VI and VII of GH10 xylanases (55), making the spacing
between these conserved regions in signal peptide-less xyla-
nases longer than in many extracellular xylanases. To evaluate
the importance of region b (residues 253-263) on the catalytic
activity of Xynl0B, and before the crystal structure became
available, a series of amino acid deletions were introduced in
the enzyme by directed mutagenesis. Three xylanase mutants
were constructed that showed increasing deletions in this re-
gion. The mutant with the shortest deletion (A253-256) was
only deleted in the four amino acids -RTDL- of the N terminus
of region b, whereas mutants A253-260 and A249-261 were
deleted in an increasing portion covering the complete region b
except for the two EM residues of its C terminus. Neither of the
mutants constructed showed enzyme activity, which indicated
that this nonstructured region, in close proximity to the binding
cleft of the enzyme, was essential for the catalytic activity of
XynlOB. As shown in Fig. 1, L7 together with L4 and L8 are the
long loops shaping the extended active-site cleft, and in particular,
His***~Glu®*°, at the beginning of L7, are directly involved in sub-
strate recognition, as shown below.

Two structures from intracellular xylanases have been
reported to date as follows: that from G. stearothermophilus
(GsXynB, see Ref. 56) and that from C. mixtus (CmXyn10B), the
latter being solved in complex with a xylo-oligosaccharide
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R117

R115

FIGURE 2. Active-site cleft of Xyn10B. Molecular surface of the enzyme
showing the occupation of the different structures solved: as follows: native
crystals contain two molecules of MPD colored in orange (A), whereas only
MPD1 has been substituted in the two complexes by the corresponding
inhibitors R117 (B) or R115 (C). A xylo-oligosaccharide chain has been docked
into the cleft by structural superposition of Xyn10B coordinates to the com-
plex of CmXynB10 (Protein Data Bank code 1UQY), allowing the active-site
mapping. As B illustrates, the steric hindrance of MPD2 precludes full
entrance of the three-rings inhibitor R117 into the cleft. The L7 segment
Arg?*-His?*-Glu®*° is represented as sticks showing the conformational
change upon R115 inhibitor binding.

chain (14). Therefore, in an attempt to have a subsite mapping
of the binding cleft, the coordinates of Xyn10B were superim-
posed to those of CmXynlOB complexed with xylopentaose
(Protein Data Bank code 1UQY). In this complex, a xylotriose
and a xylotetraose were observed at the glycone (minus) and
aglycone (plus) subsites, respectively, following the nomencla-
ture used for sugar-binding subsites, which defines that the
cleavage occurs between subsite —1, +1 (57, 58).

The structural overlap of both enzymes reveals an inferred
position for the oligosaccharide chain, shown in Fig. 24, that
fits well into the Xyn10B groove, suggesting that this enzyme
can accommodate an elongated sugar chain and may display
specific binding to at least four xylose units, i.e. those positioned
from —2 to +2 subsites. Moreover, one of the MPD molecules
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FIGURE 3. Comparison of Xyn10B with GsXynB. Active site cleft of Xyn10B
(A) in the same view as GsXynB (B) showing the different conformation of the
segment 249-252 found in both enzymes, which shapes a narrow and
shorter pocket in GsXynB, delimited by Phe'®® and Arg?'’. Conversely, the
active-site cleft of Xyn10B seems able to accommodate long and branched
substrates.

mentioned, MPD1, is located in a position that could mimic the
putative scissile glycosidic bond (—1, +1), whereas the other,
MPD2, is placed deeper in a pocket connected to subsite +2. In
fact, the wide cavity observed at subsite +2 is a noteworthy
feature of XynlOB, as compared with the narrow crevice
described for other GH10 enzymes. In particular, the highly
homologous enzyme GsXynB has been described to have a
rather small and narrow cleft able to allocate only short and
unbranched oligoxylose substrates (56). A comparison between
these two enzymes (Fig. 3) shows that Phe'®* and Arg®'” side
chains are blocking the aglycone active site of GsXynB at the plus
subsites, whereas the corresponding residues in Xyn10B, Asp'®?
(L5) and Gly*'” (L6), leave an open, extended cleft allowing the
accommodation of possible xylose rings at subsites +3 and +4. In
addition, the different conformation adopted by the segment
Phe’*~Arg®*” in GsXynB shapes a narrow pocket in which the
bulky side chain of Arg*** precludes the wide cavity observed in
Xyn10B.

Furthermore, reported studies on complexed CmXyn10B
(14) and other GH10 xylanases (15, 16) in complex with deco-
rated xylo-oligosaccharides have shown that xylan substitu-
tions can be accommodated only in selected subsites in which
the O2 and O3 of xylose point into the solvent, i.e. —3, —2, +1,
and +3, although in the case of the —1 and +2 subsites, the
hydroxyls are directed into the protein surface therefore
occluding binding of side-chain xylan decorations. As it can be
observed in Fig. 24, the active site of Xyn10B seems able to
allocate also a branched xylose unit at subsite +2, as the puta-
tive O2 and O3 are pointing to a pocket also open to the solvent.
In fact, the MPD2 molecule found in the crystal of uncom-
plexed Xyn10B seems to emulate a possible substitution at the
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xylose postulated in this position. On the other hand, the shape
of this pocket is modulated by Arg®*¥, His**°, and Glu**°,
belonging to the L7 loop, which, as stated before, contains the
conserved region b of signal peptide-less xylanases.

Inhibition of Xyn10B by Conduramine Derivatives Illustrates
the Major Features of the Active Site—N-Benzyl derivatives of
conduramine B-1 are good competitive inhibitors of glucosi-
dases (59). We evaluated the activity of two new derivatives of
conduramine B-1, R115 ((15,25,3R,6R)-6-(2-hydroxyben-
zylamino)cyclohex-4-ene-1,2,3-triol) and R117 ((1S,2S,3R,6R)-
6-(4-phenoxybenzylamino)cyclohex-4-ene-1,2,3-triol), as in-
hibitors of Xyn10B. They differ widely in the size of the side
group N-linked to conduramine. Although R115 has two units
(conduramine and an aromatic ring), R117 has three units (con-
duramine and two aromatic rings). Inhibition assays performed
with these derivatives showed that R117 caused strong inhibi-
tion, as only 3% of the initial activity was detected, whereas in
the presence of R115 activity was only reduced to 56%. The
higher inhibition caused by the three units of inhibitor versus
the inhibitor of two units points to the importance of the +2
subsite for catalytic activity.

To further investigate how the inhibitors bind into the active
site of Xyn10B, co-crystallization experiments with R115 and
R117 were carried out. As this approach failed, soaking experi-
ments of Xyn10B crystals into inhibitor-containing crystalliza-
tion mother liquid were performed. However, after diffraction
data processing, the calculated electron density maps of both
crystals showed that the inhibitors were not able to fully dis-
place the two MPD molecules tightly bound at the active site of
native Xynl0B crystals. In the case of R115, the inhibitor was
not observed at all in the maps, and the two MPD molecules
were still visible and well ordered in density (data not shown).
In the R117 soaked crystals, the density showed a molecule of
inhibitor at the active-site cleft substituting MPD1 but not
MPD2, which was not displaced thus preventing proper occu-
pation of the active site by the inhibitor molecule (Fig. 2B). Inan
attempt to get the correct XynlOB-inhibitor complexes, the

2726 JOURNAL OF BIOLOGICAL CHEMISTRY

Y179
\N \5134
133

FIGURE 4. Recognition mode of the inhibitor by Xyn10B. Stereo view of the active site of the native enzyme
(white) and the Xyn10B-R115 complex (orange) showing the atomic interactions in detail and the changein the
position of His**® and Glu®*° (orange) found in the complex. The conduramine ring at subsite —1 is linked by
polar interactions to Xyn10B as follows: N1, to Glu'** and GIn?'% 02, to Asn'33; 03, to Lys*® and His®'; 04, to
Asn*® and Trp?®'. At +1 subsite, the aromatic ring of the inhibitor is stacking between Trp?°® and Phe®°3 on one
, which is tilted in the complex, on the other side. MPD2 (orange) is positioned in a polar cavity
filled with well ordered water molecules that make a network of hydrogen bonds to Asp?*3/Ser?*® from strand
B7, and Arg®°®/Asn®'° from loop L8, colored in yellow. The xylo-oligosaccharide chain (cyan), docked as
explained in Fig. 2, confirms the identification of subsite —1, +1, and +2. As it can be seen, MPD2 mimics a

PEG 400, a polymer that is com-
monly used in crystallization exper-
iments as an alternative to MPD.
This soaking yielded similar results
to those found previously (Fig. 2B),
indicating that even in absence of
saturating MPD conditions, MPD2
keeps tightly bound to XynlOB. In
the case of R115, the inhibitor was
solved in a soaking solution where
MPD had been substituted by PEG
4000, a change in the soaking condi-
tions that finally allowed full
entrance of the inhibitor into the
active site of Xynl0B, as shown in
Fig. 2C.

As Fig. 2B shows, and according to its role as a transition-
state analogue, R117 binds at the same position as the modeled
—1, +1 xylose, hence validating the previously suggested sub-
site mapping. However, the steric hindrance produced by the
bound MPD2 prevents full entrance of the inhibitor into the
active-site cleft, its phenyl moiety being pushed away and dis-
placed out of the active site in an orientation not well defined in
the electron density maps, which is expected from the fact that
it does not make any interaction with the active-site residues
that fix its position. Fig. 2C shows that R115 is located also in
the —1, +1 subsites, and the most significant difference
between both complexes is a change in the conformation of
His** and Glu®*® side chains, which results in a narrower
active-site cleft and a closer position of the His**® to subsite +2
than in the Xyn10B-R117 complex and in the native enzyme.

Recognition Mode Is Suggested by the Atomic Interactions
within the Active Site of Xyn10B—Fig. 4 displays a close view of
the active site of Xyn10B showing the recognition details of
inhibitor R115 by the enzyme. Interaction of the conduramine
ring at the —1 subsite is very similar to that of a bound xylose as
described for other GH10 xylanases, with the sugar ring being
perpendicular to the conserved Trp>°. The N1, which is mim-
icking the glycosidic O-link, is hydrogen bonded to the catalytic
Glu'®* and also to GIn*'°. The O2 is linked to Asn'?3, whereas
03 interacts with both Lys*® and His®!. On the other hand, the
modeled xylo-oligosaccharide chain shows that subsite —2
would be defined by the highly conserved Glu**, Asn*®, and
Trp?**, although the unconserved Tyr**” is protruding from the
cleft and could possibly be involved in making interactions at
subsites —2 or —3.

At the aglycone side of the binding cleft, the inhibitor phenyl
located at subsite +1 is sandwiched in a hydrophobic pocket
defined by Trp>*° and Phe®*® on one side, and Tyr'”® on the
other side. The presence of an additional aromatic residue,
Phe®* in Xyn10B, seems to be a unique feature of intracellular
xylanases, and it has previously been stated to be responsible for
the increased catalytic efficiency of CmXyn10B against small
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substrates (14). On the other hand, the main interaction previ-
ously described for bound xylose at subsite +2 is a stacking
interaction to an aromatic residue, either a Phe/Trp in the
above cited intracellular xylanases (14, 56) or a Tyr in other
GHI10 xylanases, a position that corresponds to His**® in
Xynl0B. Other interactions at this subsite are highly variable
among previously reported GH10 complexes. As can be
observed in the figure, a part of the MPD2 molecule is located in
the putative xylose placed at subsite +2, whereas the other part
is pointing to a solvent-exposed pocket that is filled with a net of
well ordered water molecules. This is a highly polar environ-
ment in which MPD2 does not make any direct interaction to
Xyn10B even though Asp**3, Ser**®, Arg®>*®, and Asn®'° con-
tribute to keep it tightly bound to the active site by hydrogen
bonding through water molecules. It is interesting to note that
the change in His*** and Glu**° conformations observed in the
Xy10B-R115 complex situates the His** side chain at an almost
interacting distance to the bound MPD2. This feature and the
fact that the presence of a nonaromatic residue at this position
is unique in Xyn10B suggest that His*** could possibly play an
essential role in the enzymatic functionality of Xyn10B, as dis-
cussed below.

Docking Analysis of XynlOB Active Site Suggests Possible
Substrates—In view of the open cavity found in the structure of
XynlOB at subsite +2, and the high affinity shown by this
enzyme versus the MPD2 molecule trapped in the crystal at this
position, the possibility of binding decorated substrates was
investigated by docking studies. It is well known that the xylan
backbone may be substituted with acetyl or arabinose units at
the O2 and O3 of xylosides, whereas 4-O-MeGIcA is only linked
at O2. Therefore, models for a xylotriose chain with the internal
ring decorated with either a 4-O-MeGIcA moiety modeled at
02 (MeGlcA*Xyl,) or an arabinose modeled at O3 (Ara®Xyl,)
were built and automatically docked as flexible ligands into the
aglycone portion of the active-site channel.

Using MeGlcA®Xyl, as a ligand, the lowest total docking
energy of —6.91 kcal/mol was obtained for a position in the
highest ranked cluster (orange in Fig. 54), which contained 27
out of 50 runs and had a mean docking energy of —5.68 kcal/
mol. The second-ranked cluster (which accounts for 16 confor-
mations with a mean binding energy of —3.93 kcal/mol) was
situated similarly, but it was twisted in a way that the positions
of the distal xylose (subsite +3) and that of the 4-O-MeGIcA
rings were interchanged (blue in Fig. 5A). From the remaining
seven conformations, only three had a negative docking energy
(mean value of —0.25 kcal/mol), being very similar in position
with the first-ranked cluster with a slightly different orientation
of the 4-O-MeGlIcA ring (not shown).

Interestingly, when the same calculation was performed with
the Ara®Xyl, ligand, a series of six very similar docking energy
clusters were obtained. The first-ranked cluster is a low popu-
lated cluster (five conformations with a mean docking energy of
—5.90 kcal/mol) containing the lowest energy state (—6.58
kcal/mol) that situates the arabinose decoration pointing to the
solvent by means of a 180° flip of the ligand about the oligosac-
charide chain axis (orange in Fig. 5B). The second- and third-
ranked clusters are more populated (24 and 14 conformations,
with mean energy of —5.75 and —5.85 kcal/mol, respectively)
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FIGURE 5. Docking analysis of Xyn10B active site. Decorated xylotriose
ligands with 4-O-MeGlIcA at O2 (A) and arabinose at O3 (B) were automatically
docked into the crystal structure of Xyn10B and blocked at the aglycone por-
tion of the active site with a fixed xylotriose chain. The lowest energy con-
formers of the first- and second-ranked cluster (A) and the first-, second-, and
third-ranked cluster (B) are shown in orange, blue, and cyan and are explained
under “Results.” C, most energetically favorable conformer of A docked into
the active site of Xyn10B superposes with the xylo-oligosaccharide chain
inferred from structural superposition (gray) and situates the decoration in
the wide cavity found at subsite +2.

and contain related ligand positions that involve a rotation of
180° about an axis perpendicular to the oligosaccharide chain
that exchanges the reducing end by the nonreducing end (blue
and cyan in Fig. 5B). It is noteworthy that the two last confor-
mations place the arabinose decoration very similarly to that
found with the MeGlcA>Xyl, ligand.

In summary, docking analysis of xylotriose decorated at the
O3 position with arabinose does not lead to any conclusion, as
the conformations obtained are not chemically significant, i.e.
none of them situates the xylose unit in a proper orientation
within the +1 subsite for hydrolysis to proceed. On the con-
trary, xylotriose decorated with 4-O-MeGlcA at O2 docked into
an energetically favorable conformation, a result consistent
with the mapped subsites at the active site of Xyn10B. Fig. 5C
displays the lowest energy conformer of the MeGlcA*Xyl,
ligand docked into the crystal structure, showing that it super-
poses with the inferred position of the oligosaccharide chain at
the aglycone portion of the channel and situates the decoration
in the wide cavity observed at subsite +2.

Activity of Xyn10B on glucuronic acid-decorated xylo-oligo-
saccharides was tested by TLC analysis of the hydrolysis prod-
ucts from branched xylo-oligomers. We analyzed the products
released from aldohexaouronic acid (a xylopentaose with
the central xylose O2 substituted with 4-O-MeGlIcA,
MeGIcA®Xyl,). It was cleaved to xylobiose and aldote-
traouronic acid (MeGlcA®Xyl,), which corresponds to the sub-
strate shortened in two xylose residues from its nonreducing
end (Fig. 6). This product pattern suggests that Xyn10B has the
requirement of binding to the —2 subsite for hydrolysis of short
substrates, similarly to what has been reported for other GH10
xylanases (13, 60). This implies accommodation of the glucu-
ronic acid ring of the tested substrate in +1, a subsite that
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be required to analyze more deeply
the mode of action of P. barcinon-
ensis Xyn10B and the role of the
+2 subsite cavity on substituent
accommodation.

Directed Evolution of XynlOB—
The gene encoding XynlOB was
) subjected to gene shuffling with the
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FIGURE 6. Hydrolysis products from decorated xylo-oligomers. A, schematic representation of oligomer
cleavage by Xyn10B. B, TLC analysis of hydrolysis products from aldohexaouronic acid (MeGlcA3Xyls) and
aldopentaouronic acid (MeGlcAXyl,). Xyn10B was incubated with aldohexaouronic acid for 0 h (lane 7) or 2 h
(lane 2) or with aldopentaouronic acid for 0 h (lane 3) or 2 h (lane 4). Lanes S contain standards of xylo-oligosac-

charides from (xylose to xylopentaose).

admits decorations (14), but precludes its accommodation in
the +2 cavity of P. barcinonensis Xyn10B. The affinity for this
cavity would not be enough for productive binding of the sub-
strate to subsites —1 to +4, which would leave an empty —2
subsite. The activity of the enzyme on a second decorated sub-
strate, aldopentaouronic acid (a xylotetraose with the 4-O-
MeGIcA substitution in the second xylose moiety from the
nonreducing end, MeGlcA>Xyl,), was also evaluated (Fig. 6).
This substrate was not cleaved by the enzyme, in accordance
with the results shown above, suggesting the requirement of —2
subsite binding for hydrolysis. Binding to —2 subsite would
imply accommodation of the glucuronic acid moiety of aldo-
pentaouronic acid in the —1 subsite, where accommodation
seems not to be allowed (14). Alternatively, accommodation of
glucuronic acid decoration in the +2 cavity would place the
bound oligomer out of the cleavage site. The design and avail-
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aim of obtaining xylanase mutants
with increased thermal stability. In
this way, xyn10B was amplified by
PCR with Tag polymerase under
conditions that promoted the mis-
incorporation of nucleotides or,
alternatively, under standard condi-
tions. The amplified material was
partially digested with DNase I and
subjected to double-step PCR to
reassemble full size xynIOB gene
molecules. The reassembled mole-
cules were ligated to the multiclon-
ing site of pGEM-T-easy and intro-
duced in E. coli DH5a. About 2000
transformant clones were obtained
and were subsequently screened for
xylanase activity on solid media
plates that were overlaid with pNPX.
Those that produced enzymes that
had retained xylanase activity after
the mutagenic procedure were
selected and evaluated for an
increased thermal stability. The 85
active clones selected were inocu-
lated in series of replica plates that,
after growth, were flooded with
chloroform, subjected to thermal
shocks at 60, 70, or 80 °C for 15 min,
and tested for residual xylanase activity by overlay assay with
pNPX. Four of the clones produced a xylanase with increased
thermostability compared with the wild type enzyme. They
were selected, and their xylanase genes were sequenced. The
following codon and amino acid substitutions were found:
TCG—TTG (S15L), ATG—GTG (M93V), GAA—GAT
(E137D), and GAT—AAT (D323N). The mutations that gave
the amino acid changes E137D and D323N were found in a
double mutant; mutation M93V was held by a single mutant,
whereas mutation S15L was held by two identical single
mutants. The selected mutants, except for the double mutant,
derived from DNA shuffling of xyn10B, amplified under stand-
ard conditions.

Xynl0B Mutants Show Increased Catalytic Properties—
Three of the isolated mutants contained, in addition to the
described mutations, nucleotide changes that did not result in
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the same sequence. To test if the
combination of the mutations iden-
tified produced an enhanced
increase in thermal resistance of
Xyn10B, we constructed two double
mutants by site-directed mutagene-
sis. The S15L/M93V mutant com-
bined the single mutations that
caused higher stabilization of the
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TABLE 2

Absolute and relative t,, values of wild type Xyn10B and mutant
xylanases at 45 and 50 °C

t,, is the incubation time at a given temperature that causes a 50% irreversible
thermal inactivation.

t Relative ¢, Relative ¢,

Enzyme 45°C 45°C tw 50°C 50 °C
min min
Xyn10B wild type 9.1 1 1.8 1
E137D 14.1 1.6
D323N 11.2 1.2
S15L 17.6 1.9 9.1 5.6
MI3V 35.8 3.9 7.1 3.9
E137D/D323N 2.2 1.2
S15L/M93V 37.7 20.9
TABLE 3
Kinetic parameters of wild type Xyn10B and mutant xylanases
Enzyme Keae K, koo K,
min~! M min~tmt
Xyn10B wild type 7.80 X 10° 2.834 X 1073 3.27 X 10°
S15L 6.93 X 10* 1.820 X 1073 3.81 X 107
MI3V 7.06 X 10* 1.712 X 1073 4.13 X 107
S15L/M93V 5.48 X 10* 1.497 X 1073 3.66 X 107
E137D/D323N 9.64 X 10* 2495 X 1073 3.86 X 107

changes in the amino acid sequence of the xylanase. To remove
these noncoding nucleotide changes, the identified mutations
were individually introduced in wild type xyn10B by site-di-
rected mutagenesis. In this way, four mutant xylanases were
constructed, one for each of the mutations identified. The four
mutant enzymes, S15L, M93V, E137D, and D323N, were puri-
fied to homogeneity, and their thermal resistance was evalu-
ated. Fig. 7 shows the irreversible thermal inactivation of the
mutant xylanases at 45 and 50 °C. The four mutant enzymes
showed an increased stability when compared with the wild
type enzyme. The highest stabilities were shown by S15L and
MOI3V xylanases that displayed half-lives at 50 °C five and
four times longer than that of wild type purified xylanase
(Table 2).

Mutations that increase thermal stability of enzymes often
show additive or cooperative effects when they are combined in
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FIGURE 7. Thermal inactivation of Xyn10B and mutant xylanases. Purified xylanases were incubated at 45
or 50 °Cin pH 7 buffer for increasing periods of time, and the residual activity was determined under standard

4 8 12 16 enzyme, whereas the EI137D/
D323N mutant contained the two
mutations that had initially been
isolated from the same original
clone. Double mutant xylanases
were purified to homogeneity, and
thermal inactivation at 50 °C was
evaluated. S15L/M93V xylanase
exhibited a considerably higher sta-
bility than wild type XynlOB
(around 20 times longer half-life),
showing the cooperative effect of the two single mutations it
contained in the stabilization of the enzyme. The second double
mutant constructed E137D/D323N did not show any substan-
tial increase in thermal stability at 50 °C when compared with
the wild type xylanase.

The kinetic parameters of wild type and mutant xylanases on
PNPX were evaluated. Wild type enzyme showed a K, of 2.834
mMm and a k_,, value of 7.80 X 10°> min~" (Table 3). The mutant
xylanases showed a slightly increased affinity that in the case
of S15L/M93V was 1.497 mm. However, the thermostable
mutants displayed a notably enhanced k_,, value (5.48 X 10*
min~ " in the case of S15L/M93V xylanase) when compared
with the wild type enzyme. Thus, all mutants showed an in-
creased catalytic efficiency, expressed as the k_,,/K,, ratio, that
was about 10-fold higher than that of the wild type enzyme,
which showed a catalytic efficiency of 3.27 X 10° min~' M~ .
Comparison of the kinetic parameters of wild type Xyn10B with
other GH10 xylanases shows a higher activity on pNPX than
other reported xylanases, such as CmXynl0B that shows a
k.. /K, 0f2.1 X 10>min~" M~ on the same substrate (14). The
results found are in agreement with previous reports showing
that Xyn10B from P. barcinonensis is highly active on aryl-xy-
losides, and it shows higher specific activity on pNPX than on
xylans, which makes it unique among known xylanases (26,
38). The unusual high activity on aryl-xylosides such as
pPNPX could reflect a strong binding of p-nitrophenyl moiety
of pNPX to the +1 subsite, where, as mentioned previously,
the additional aromatic residue (Phe®*°® in Xyn10B) of intra-
cellular xylanases can be responsible for an increased cata-
lytic activity on small substrates (14). However, the similar-
ity of the +1 subsite between intracellular xylanases does not
correlate with the differences in activity on pNPX found
among these enzymes.

Incubation time at 50 °C (min)

DISCUSSION

Xylan degradation requires the coordinate action of several
enzymes, among which the recently described intracellular
xylanases may play an important role for the effective utiliza-
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tion of xylan in natural environments. Although most of xyla-
nases are enzymes secreted to the extracellular medium to get
contact with and to depolymerize xylan, a big sized substrate,
several intracellular xylanases have been described in both
Gram-positive and Gram-negative microorganisms. The sig-
nificance of intracellular xylanases on xylan degradation is not
clear, although their natural substrates should be xylo-olig-
omers produced by the action of extracellular xylanases, once
they have been transported inside the cells by membrane trans-
porters, as those described for G. stearothermophilus (61) and
Streptomyces thermoviolaceus (62). It has been suggested that
intracellular xylanases would be protected against external fac-
tors such as proteases that may lead to their inactivation (25), or
alternatively, this would be a way to sequester the polysaccha-
ride hydrolysis products from competing microorganisms (63).
A main difference among intracellular xylanases crystallized to
date is their location inside the cells. Two different subcellular
locations have been described. Whereas C. mixtus Xynl0B
(CmXynl0B) shows a twin arginine signal peptide and is
located in the periplasmic space (25), signal peptide-less P. bar-
cinonensis Xynl0B is located in the cytoplasm of cells (26).
Cytoplasm or periplasm could be two options of the same strat-
egy to internalize enzymes. The different location could be cor-
related to the different cell wall structure, Gram-positive or
Gram-negative, of the producing microorganism. In accord-
ance with the proposed physiological function of intracellu-
lar xylanases, P. barcinonensis Xyn10B shows high activity
on xylo-oligosaccharides (26, 38). Similar high activity on
short substrates has been reported for CmXynl0B (14),
although no data have been reported about activity on xylo-
oligosaccharides of G. stearothermophilus intracellular xyla-
nase (GsXynB).

P. barcinonensis Xyn10B shows high homology (more than
50% of identity) to the group of signal peptide-less xylanases
mentioned above, although homology to periplasmic CmXyn10B
is much lower. Signal peptide-less xylanases show the dis-
tinctive conserved amino acid sequence regions a and b in
helix a6 and loop L7, probably as a result of their phyloge-
netic proximity, as they cluster in a separate group of xyla-
nases (26). However, the few existing reports on the bio-
chemical characterization of signal peptide-less xylanases
precludes further conclusions about the catalytic properties
shared by these enzymes.

One of the most notable features of Xyn10B structure is the
wide cavity observed at subsite +2. This pocket is a highly polar
environment modulated by Arg?*®, His**, and Glu®*°, located
in close sequence proximity to region b (residues 253-263). In
contrast to the His>*® residue found at subsite +2 of P. barci-
nonensis Xynl0B, aromatic residues are found in other xyla-
nases such as CmXynl0B and GsXynB, which bear residues
Trp?”? and Phe?* at this subsite, respectively. As a result they
have a narrower cleft at the aglycon-binding site, which in the
case of GsXynB has been proposed to be the one of the shortest
among family 10 xylanases (56). From the structure of P. barci-
nonensis Xynl0B subsite +2, and considering the docking anal-
ysis results, we suggest that its active-site cavity may accommo-
date glucuronic acid-substituted xylose residues contained in
branched oligosaccharides. These results differ from those
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reported in CmXyn10B, where decorations cannot be accom-
modated at subsite +2 (14), or in S. olivaceoviridis SoXyn10A,
where only arabinose can be tolerated at the O2 position of the
xylose located in this subsite (15). Sequence analysis of signal
peptide-less xylanases revealed that all these enzymes have aro-
matic residues at the position corresponding to His*** from P.
barcinonensis Xynl0B, with the exception of A. caviae XynX,
which also has a His**° residue at this position (32). The two
latter enzymes are highly homologous (85% identity) and have
in common that they hydrolyze xylan releasing as main prod-
ucts xylobiose and a substituted tetrasaccharide previously
considered as xylotetraose (32, 38). This probably reflects a
structural similarity of the enzymes that, besides the distinctive
region b, show high amino acid sequence homology in the rest
of L7 loop. A deeper study of the two enzymes will be necessary
to compare them and reveal their specific function in plant
xylan degradation.

Four mutations that increase thermal stability of Xyn10B
have been identified, two of which, S15L and M93V, gave rise to
a notable stabilization of the enzyme against temperature. Res-
idue Ser'” is located in an external loop near the N terminus of
the enzyme, before 1. Its substitution by a Leu made the
enzyme more resistant to thermal inactivation, and indeed
S15L was the mutation that caused a higher stabilization of
Xyn10B. The crystal structure of the enzyme shows that Ser*” is
located in a shallow indentation of the enzyme, forming hydro-
gen bonds to Arg*®? side chain and the carboxylic C-terminal
group of Asp®*?, at the enzyme surface (Fig. 8A). Its replace-
ment by Leu in mutant xylanase S15L (Fig. 8B) precludes the
formation of these hydrogen bonds, but it should probably not
disrupt the existing link between the polypeptide C terminus
and Arg®®* at the end of helix a7. This link might be essential for
keeping the stability of the C terminus, which, as deduced from
the electron density map, is well ordered. Moreover, computer
modeling of mutant xylanase S15L displayed in the figure shows
that putative Leu'” would be at an interacting distance not only
with the underlying aromatic residues Tyr'> and Phe'® but also
with the aliphatic moiety of Arg*”® and Arg®®*>. Hydrophobic
interaction with these residues can improve the packing effi-
ciency giving a more compact enzyme structure. Additionally,
the branched side chain of Leu'® can better fill the shallow
depression on the protein surface than wild type Ser, yielding a
more efficient structure (Fig. 8, C and D) at this region, which
includes the beginning and the end of the polypeptide chain and
also the a8 helix of the barrel. This would result in an increased
resistance to denaturation and a more stable xylanase. A similar
stabilization effect caused by the replacement of a surface polar
residue by a hydrophobic amino acid has been reported for the
mesophilic cold shock protein from Bacillus subtilis, which can
be converted into a highly thermostable form by changing Glu
surface residues to Leu or to Val (22, 24). Although it is gener-
ally assumed that hydrophobic residues are not favorable at
solvent-exposed sites, it has been shown that introduction of
hydrophobic residues at protein surface can result in a sta-
bilization effect (23). In the work reported by Machius et al.
(23), the replacement by Val of wild type Ala or His residues
that lay in small surface grooves between secondary struc-
ture elements increased hydrophobic packing within these
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FIGURE 8. Structural basis for the thermoresistance in the mutants. A, location of the residues that increase
the thermal stability of Xyn10B; Ser'” is located before 81, in a short external loop making polar interactions
with Arg?®?, at the end of helix a7, and the carboxylic C terminus (Cterm) of Asp>3%; Met®* is located in loop L3
at the protein surface. B, close view of the atomic interactions of the modeled S15L substitution showing
hydrophobic contacts of the putative Leu (orange). C and D, molecular representation of Xyn10B (left) and
modeled S15L mutant (right) showing the change in the surface pocket suggested by the amino acid substi-
tution (in yellow) and that the putative Leu side chain may shield the hydrophobic cluster from the solvent.

Nterm, N terminus.

indentations. This led to the reinforcement of hydrophobic
contact between the secondary structure elements and to the
shielding from solvent of buried hydrophobic clusters. Cre-
ation of a hydrophobic shield protecting secondary struc-
tures against water molecules has also been proposed to
explain the stabilizing effects of surface-located mutations in
a thermophilic protease (64).

As shown in Fig. 84, Met®® is located in loop L3 between 33
and a3, at the surface of Xynl0B. The stabilization of the
enzyme provided by M93V mutation is probably due to the
protection against oxidation at high temperatures. Given
the susceptibility of methionine to oxidation (65), elimina-
tion of this labile residue from the surface of the enzyme and
its replacement by Val would protect Xyn10B against oxida-
tive inactivation and would render the enzyme more resist-
ant to irreversible thermal denaturation. A similar mutation
has been reported in B-glucosidase B from Paenibacillus
polymyxa (66), where the replacement of Met by more chem-
ically stable residues such as Val or Ile gave rise to an increase
in thermal stability of the enzyme. The crystal structure of
Xynl0B shows that wild type Met is located in a cavity at the
surface of the enzyme. In addition to the resistance to oxida-
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tion proposed for M93V mutation,
Met replacement by Val could
contribute to an improved hydro-
phobic packing with neighbor res-
idues Trp? and Phe”, yielding a
more compact structure, similarly
to the effects proposed for muta-
tion S15L.

Analysis of the kinetic parame-
ters showed that mutant enzymes
do not exhibit substantial differ-
ences in affinity compared with wild
type XynlOB, although they show
about a 10-fold enhancement in
k../K,, values. This increased cata-
lytic efficiency could be due to a
local stabilization of the catalytic
site as a consequence of the higher
thermal stability of the enzyme. At
this respect, there are several exam-
ples showing mutations that
increase thermal resistance without
compromising the catalytic effi-
ciency of enzymes, and even hyper-
stable variants of certain enzymes
have been obtained that retain their
activity (67). In other instances,
mutant enzymes with simultane-
ous enhancement of stability and
activity have been reported (66,
68). On the other hand, analysis by
circular dichroism of wild type and
double mutant S15L/M93V xyla-
nases shows no significant differ-
ences in secondary structure (data
not shown), although small differ-
ences detected at 228 -240 nm can be correlated to subtle
structural differences in the aromatic clusters, in agreement
with the predicted environment of the S15L mutant men-
tioned above.

Random mutagenesis and directed evolution are widely used
to improve the properties of enzymes and to show that there
are many strategies that lead to higher stability of the
enzymes, most of them not easy to predict or rationalize (20).
All the mutations studied in our work are located in loops at
superficial positions in the three-dimensional structure of
the enzyme. The stabilizing effect found supports the
increased awareness of the importance of protein surface for
stability.

To conclude, this study shows that forced protein evo-
lution can be used to produce enzymes that display improved
thermostability and that this can be achieved by introduc-
tion of very few changes in the sequence, as reported previ-
ously (21, 20). More structural knowledge is still needed to
develop general principles for stabilization strategies of
enzymes, a task that will be accomplished when the struc-
tural basis for the stability is fully understood. Detailed
structural information also helps in revealing unexpected
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new features of enzymes, as is the case of the unusual cavity
found at the +2 active subsite of Xyn10B, which possibly
points to an unpredicted activity of this enzyme. The final
goal of this extensive structural approach will be the gener-
ation of improved and more resistant biocatalysts with func-
tionalities most suitable for industrial purposes.
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hexaouronic and aldotretraouronic acids.
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